A solid immersion lens based on diffraction (dSIL) is proposed as an alternative to the conventional design based on refraction. A design analogous to a Fresnel zone plate is derived in accordance with the HuygensFresnel principle. Fabrication of a binary dSIL is achieved by electron-beam lithography and reactive-ion etching on LaSF35, with index n ϭ 2.014. Measurement of the point-spread function is performed with nearfield optical microscopy. The results are in accord with the expected resolution enhancement of a factor n with respect to the diffraction limit.
INTRODUCTION
Various techniques involving evanescent fields and nearfield interaction have been introduced in the past decade for resolution enhancement in fields such as microscopy, lithography, and optical data storage. In particular, the use of solid immersion lenses (SILs) has attracted much attention owing to the potential for high transmission or reflection efficiency in combination with excellent spatial resolution. Furthermore, SILs are not by definition limited to point-by-point imaging but can offer diffractionlimited performance over an extended field. [1] [2] [3] [4] In the SIL technique, a conventional far-field optical system is combined with a high-refractive-index lens placed in close proximity to the sample. The SIL can be used for illumination and/or collection. In either case, the diffraction-limited spot size is reduced in proportion to the refractive index of the SIL. This improved resolution involves light propagating at a larger angle relative to the optical axis. In the case of illumination, light at the bottom surface undergoing total internal reflection produces a highly localized evanescent field. This field either modifies the recording medium (lithography/ storage) or converts to a radiating field through interaction with the sample (microscopy).
The SILs described in the literature are either simple hemispheres (hSIL), in which the rays incident perpendicular to the spherical surface propagate to the center without deviation, or refraction-based superspheres (sSIL). A recent theoretical study analyzed the use of diffractive optical elements in combination with spherical SILs to correct chromatic aberrations. 5 Here we report a theoretical and experimental study of a monolithic solid immersion lens that operates primarily by diffraction (dSIL), in the manner of a Fresnel zone plate. Our dSIL is a binary phase element realized in a highly refracting glass, LaSF35, by direct electron-beam (e-beam) writing and subsequent reactive ion etching.
SILs based on refraction are limited by the difficulty of fabricating anything other than a sphere, whereas the fabrication of a dSIL is amenable to ''aspheric'' designs. The large curvature of a refractive SIL easily introduces aberrations. 6 In comparison, diffractive structures can be etched into a plane parallel substrate with use of the highly accurate lithographic techniques developed for processing integrated circuits. Diffractive SILs may also be more amenable to replication. One limitation of the binary phase dSIL is a diffraction efficiency less than unity.
DESIGN
The concentric ring system on the upper surface of the dSIL is designed so that an incident spherical wave converging to P 0 is diffracted to a focus at P* on the lower surface (Fig. 1) . The SIL thickness is f, and the on-axis incident wave-front radius of curvature is kf. The focus shift factor k represents the change in wave-front radius of curvature introduced by the dSIL. In what follows, we derive an expression for the successive zonal radii r j . On an incident wave front, let S 1 be the intersection with the upper dSIL surface, and let S 0 be the intersection with the optical axis (Fig. 2) . In accordance with the Huygens-Fresnel principle, a common focal point P* at the bottom surface of the dSIL is guaranteed when the optical path lengths from S 1 to P* and from S 0 to P* differ by an integer multiple of the wavelength:
Here n is the refractive index of the SIL, m is an integer, and a 1 is the geometrical distance between P* and S 1 . Successive application of the constructive interference condition between two adjacent zones results in
Here a j is the distance of the line directed from the jth zone to the focal point P* (Fig. 2) . The difference between the two adjacent lines a jϪ1 and a j defines ⌬l j Ј :
The distance from the jth zone to P 0 is a j Ј . On the basis of the focusing properties of the standard objective and the related conditions for the optical path length, we can write
Taking the last three equations together we derive a relation between ⌬l j and ⌬l j Ј :
The starting conditions of Eqs. (3) 
Combining the above two equations, one obtains
Using the geometrical relations
we can derive a quadratic equation for each distance a j :
where
The zonal radii r j can be obtained from the a j by using the above geometrical relations. The input parameters n, f, k, m, and 0 , can be chosen independently. This formula encompasses designs analogous to both the hSIL and the sSIL.
The three-dimensional plot in Fig. 3 shows the calculated radii of the first-order (m ϭ 1) diffraction zone rings as a function of k and ring number for the case n ϭ 2.02, f ϭ 607 m, and 0 ϭ 633 nm. For a given k, the radii increase with ring number, as expected. A large k corresponds to an incident wave front with a radius of curvature that is large compared with f. This case requires strong diffraction in order to generate a focus at the bottom surface of the dSIL. Strong diffraction is produced by a closer spacing between adjacent zones. Figure 3 confirms this: At large k the radii increase more slowly with ring number.
The case k ϭ 1 is the diffractive analog of the hSIL and is the design we chose to fabricate. The first-order diffracted waves focus at the bottom surface of the dSIL, at the same geometric position and with the same angular spectrum as would occur without the dSIL. The presence of the SIL thus increases the numerical aperture (NA) by a factor n. Another important case is that of an incident plane wave, where k ϭ ϱ. The following formulas specify the radii for these two cases:
In addition to a high refractive index, a very large aperture angle inside the SIL is crucial to obtaining high resolution. This in turn requires a high-NA illumination objective. Working distance becomes a major issue with a hSIL but is a lesser issue with a dSIL. In the case of the sSIL, the effective numerical aperture NA eff inside the high-index material is given by n 2 sin i , where i is the aperture angle of the objective. In other words, an illumination objective with NA ϭ 1/n would be optimum. The limited NA correlates with a larger and less critical working distance. In contrast to hSILs and sSILs, with the dSIL it is possible to realize any NA eff (Ͻn) independent of the NA and working distance of the illumination microscope objective.
The local period p j of the dSIL is defined as the distance between two adjacent radii. For the same conditions as above, Fig. 4 shows p j as a function of the ring number and k for first-order diffraction. In first order, the local period p j decreases with increasing ring number, at a given k. At large ring numbers, the local period can be shorter than a wavelength. In this range a scalar theory is inadequate.
CHROMATIC ABERRATION
Chromatic aberration of the dSIL can be analyzed with the grating equation
Here i is the angle of an incident ray and t is the angle of a ray transmitted through the interface, inside the dSIL. Both depend on the zone number j, as does the grating period p j . i ( j) is independent of , assuming achromatic illumination, whereas t ( j) depends on .
From simple trigonometry and letting p j ϭ r j Ϫ r jϪ1 and m ϭ 1, one obtains
For the design wavelength, 0 , the r j are given in Section 2. The above equation gives f j as a function of geometrical and optical parameters (r j , k, f, n) and the actual wavelength . For ϭ 0 , f j ϭ f; i.e., all zones focus alike.
A deviation from the design wavelength will cause diffracted light from different radial positions of the dSIL to intersect the optical axis at different points. For the dSIL that we designed, at a redshift of ⌬ ϭ ϩ0.06 nm, the shift in focal length, ⌬f j ϭ f Ϫ f j , is negative, corresponding to increased diffraction (Fig. 5) . A blueshift of the same magnitude generates nearly the opposite effect. In both cases, ͉⌬f j ͉ Ͻ 1 m. For sources with larger bandwidth, ͉⌬f ͉ will increase unless the number of zones is reduced.
REALIZATION
For the dSIL substrate, cylinders were cut from a block of LaSF35 (n ϭ 2.014 at ϭ 630 nm) and sliced into wafers of 50-mm diameter. One wafer was polished to a thickness of 607 m and then was used to form several dSILs, each with a circular aperture of 1.6 mm. The binary grating is realized by direct e-beam writing combined with reactive-ion etching (RIE). To etch features as fine as the outermost ring, ϳ300 nm, one needs a mask at least as thin. Etching the wafer to a depth of 200 nm thus requires a mask that will itself etch slowly compared with the rate for LaSF35, 3 nm/min. Poly-methyl methacrylate (PMMA), for example, would etch at 20 nm/min. Cr etches at 1 nm/min, providing a selectivity ratio of three.
The fabrication procedure (Fig. 6 ) begins with a 100-nm Cr layer deposited by e-beam evaporation. To pattern the Cr, we spin-coat a 200-nm film of PMMA, (2) . The lens structure is written into PMMA with a highresolution e-beam pattern generator (Leica EBPG5 HR), (3). After developing the PMMA, (4), the resist pattern is copied into the Cr by a wet chemical etch, (5) . When the PMMA is removed, one obtains an amplitude dSIL with transparent and opaque regions, (6) . To generate phase elements, the Cr pattern is transferred into the substrate by RIE with CHF 3 , (7). The anisotropic RIE is performed in a conventional 200-W parallel plate reactor operated at 13.56 MHz. In a final wet chemical etch, the remaining Cr is removed, (8) .
Structure quality, resolution, and line widths were characterized with a scanning electron microscope. Both large and small features are well reproduced (Fig. 7) . Measurements with a Tencor profilometer reveal a surface roughness of only ϳ2 nm and an etch depth of 195 Ϯ 3 nm, which is close to the design value.
POLARIZATION AND PHASE DEPENDENCE
Not all the light from the objective lens is incident on the dSIL at the same angle or the same polarization; therefore the diffracted rays will have a phase offset that depends on position and on the specific grating profile. This effect will enlarge the focal spot. We investigate the behavior of the phases and efficiencies by means of a rigorous coupled-wave analysis (RCWA). 7 Maxwell's equations in a periodic, piecewise-constant medium are solved with a modal method by applying spatial Fourier expansions of the field and the permittivity. The boundaryvalue problem can then be reduced to an algebraic eigenvalue problem, and the incoming and the diffracted fields (expressed through Rayleigh amplitudes) are related through a linear operator. To match the experimental data, we choose a binary grating in a dielectric substrate with refractive index n ϭ 2.02 and an illumination wavelength of ϭ 633 nm. Numerical simulations of the wave propagation through the dSIL are performed by an implementation of the RCWA based on an R-matrix algorithm. 8 A Fourier factorization following Li 9 is incorporated to ensure fast convergence for both polarizations; hence Ϯ30 Rayleigh orders in the truncation suffice to achieve accurate results.
In the derivation above, each incident angle corresponds to a different local grating period. In the numerical simulations we can assume that the change in local period is small compared with the distance to the focus, so a unique grating period is taken for each discrete incident angle. For each incident angle, the numerically calculated phase offset in TE polarization increases with the profile depth (Fig. 8) . To compensate the phase offset, the profile depth could be adjusted for each local period or an additional phase plate could be introduced. Alternatively, one could tune the local period of the diffractive structure, but such a design would require simultaneous solution of the grating and coupled-wave equations.
The first-order diffraction efficiency for both TE and TM polarization has an optimum profile depth that varies with the incident angle (Fig. 9) . As a compromise, we chose a profile depth of 200 nm for analysis and experiment. This value leads to an efficiency and phase offset that vary as a function of incident angle, as shown in Fig.  10 . The discontinuities in efficiency occur at the cutoff angles for the higher diffraction orders [ Fig. 10(b) ]. The contribution from large angles of sin i ϳ 0.7 improves the performance of the dSIL by providing a higher contrast. The uncompensated dSIL can be used below the classical Rayleigh limit of /4 wave-front aberration if the incidence numerical aperture is below ϳ0.8.
CHARACTERIZATION
To evaluate the imaging properties of the dSIL, the light distribution of the focused spot at the bottom surface of the dSIL is measured directly with a near-field scanning optical microscope (WITec alpha NSOM). The light of a HeNe-laser (632.8 nm) is coupled into a single-mode fiber, transferred to the illumination port, collimated, and then focused by a microscope objective with NA ϭ 0.6, working distance ϭ 3.02 mm (Fig. 11) . The wave diffracted by the dSIL comes to a focus on the flat bottom surface, parfocal to the objective operating alone. The dSIL is attached to the microscope objective with a relative position adjustable in three dimensions. The alignment procedure starts by focusing the laser into the center of the concentric ring system of the upper surface of the dSIL. Next, the dSIL is moved ϳ600 m vertically toward the objective to bring the light to a focus on the bottom surface. A near-field probe below the dSIL is then placed in contact with the bottom surface. The probe is a tapered and aluminized glass fiber attached to a tuning fork. The tip aperture has a diameter of 100 nm, as determined by scanning electron microscopy. The optical field collected by the probe is transferred to a photomultiplier tube. The probe scans in x and y and moves in the z direction in response to a shear-force signal, to remain in contact. Successive scans are used to optimize the objective/dSIL spacing. Measured in this way, the focal spot has a FWHM of 450 nm (Fig. 12) . To characterize the focal spot of the microscope objective alone, the measurement is repeated without the dSIL, yielding a FWHM of 770 nm. The measured optical field is a convolution of the real optical field and the SNOM tip aperture. The approximate real field widths, 350 nm and 670 nm, can be obtained by subtracting the aperture diameter from the measured widths. As expected, the ratio is close to the refractive index of the dSIL. A theoretical estimate for the spot size would be
The application of this formula to the situations with and without dSIL leads to 322 nm and 644 nm, respectively, which correspond well to the experimental values.
CONCLUSIONS
A solid immersion lens based on diffraction (dSIL) is an attractive alternative to the conventional design based on refraction. We demonstrate that a dSIL can be designed on the basis of the Huygens-Fresnel principle and fabricated by electron-beam lithography. Test pieces fabricated with LaSF35 having an index n ϭ 2.014 yield the expected resolution enhancement of a factor n with respect to the diffraction limit. Use of an optimum objective, index of 3, and a wavelength of 0.5 m could lead to a spot size of 100 nm. A 10-m field can be imaged in parallel; larger fields can be imaged by scanning. Compared with the refractive SIL, the potential advantages are a reduction in height and weight, simple realization of ''aspheric'' designs, and low-cost replication. Compared with aperture-based near-field techniques, SIL imaging has the advantage of high throughput and the capability of imaging a finite field in parallel. The latter advantage introduces the possibility of subwavelength imaging of a flat sample at low (or high) temperature, with no scanning apparatus exposed to the extreme temperature, where only the SIL is in contact with the sample.
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